Background: Nuclear fission of most actinides near the valley of stability is dominated by asymmetric modes with a heavy fragment charge distribution centered around Z ≈ 52 − 55 protons. Although spherical shell effects in the 132 Sn are often considered as a driver for the formation of the heavy fragment, a convincing explanation for the origin of actinide asymmetric fission has been lacking so far.
INTRODUCTION
Nuclear fission is a good textbook example of how quantum dynamics can differ from classical one. This is nicely illustrated by the mass distributions of the fragments formed in low-energy fission of many actinide nuclei: While classical approach predicts a symmetric fission induced by the Coulomb repulsion, experimental mass fragment distributions often exhibit strong asymmetries. Interestingly, the origin of this characteristic of low-energy fission process is still unclear.
The observation of mass asymmetric fission traces back to the discovery of fission itself by Hahn and Strassmann [1] who proved the existence of barium (Z = 56 protons) in uranium (Z = 92) samples irradiated by neutrons. The interpretation in terms of fission of the uranium nuclei by Meitner and Frisch [2] implied the formation of a lighter krypton (Z = 36) complementary fission fragment. This mass asymmetry of fission fragments is a general feature in the actinides and it is the subject of many current experimental programs [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
A remarkable stability of the centroid of the heavy fragment mass distribution in actinide fission has been found around A 142 nucleons [13, 14] . In fact, detailed analyses of the shape of fragment mass distributions indicate two asymmetric fission modes: the so-called Standard 1 (St1) and Standard 2 (St2) "Brosa modes" [15] centred around A = 135 and A = 142, respectively. A transition to a symmetric fission mode is also observed for neutron deficient actinides [3] .
The standard interpretation that St1 is due to the spherical shell effects in the N = 82 region (N = 82 is a so-called "magic number", bringing additional stability due to quantum shell closures) and that St2 is due to the N ≈ 88 deformed shell closure [16, 17] has been challenged ten years ago [18] by the experimental observation that St1 and St2 were in fact associated with constant numbers of protons centred around Z ≈ 52.5 and 55, respectively, and that the number of neutrons had little (if any) influence.
Although one can successfully reproduce fissionfragment mass distributions by incorporating these fission modes in a statistical method [19] , or even by using dynamical approaches [20] [21] [22] [23] [24] based on fully microscopic potential energy surfaces [25] , the origin of the stability in the Z = 52 − 55 region remains unexplained. Several ideas have been proposed [26] , such as (i) an absorption of the neck by the heavy fragment (thus St1 could be due to its proximity with the Z = 50 magic number), or (ii) shell-model calculations miss proton shell effects near Z = 55, or (iii) quantum shell effects play a different role on fission that what was expected. It should be noted, however, that in quasifission (fission of a system formed by the capture of two heavy nuclei without formation of an equilibrated compound nucleus), shell effects strongly favour the formation of fission fragments with the spher-ical magic number Z = 82 protons [27, 28] .
The purpose of this work is to investigate the origin of asymmetric fission in actinide atomic nuclei with a theoretical approach which is time-dependent and microscopic in order to account for both dynamical and quantum shell effects. Recent applications based on the timedependent Hartree-Fock (TDHF) mean-field approach [29] [30] [31] and using its BCS [32] [33] [34] and Bogoliubov [35] extensions to account for superfluidity have been performed to study fission dynamics during the descent of the potential towards scission, with initial configurations outside the fission barrier and before the preformation of the fragments [29, 32, 36] . In the present work, we use a 3-dimensional TDHF+BCS code [32, 37] with the SLy4d parametrization [38] of the Skyrme energy density functional [39] . Following the same technique as in Ref. [32] , the initial configurations for the time-dependent calculations are generated by constrained Hartree-Fock+BCS (CHF+BCS) calculations [40] with a combination of quadrupole and octupole constraints. The other multipole moments are not constrained. Once in the chosen fission valley, the octupole constraint is released to allow the system to find a local minimum of energy for a given quadrupole deformation [32] . Various initial configurations produced with different deformations are considered to investigate the influence of the initial condition on the final properties of the fragments. Contrary to earlier concerns [33, 35] , this procedure allows the system to fission starting from compact configurations just after the fission saddle point and without additional boosts [34] . More details of the calculations can be found in the supplemental material [41] . Fig. 2 , almost all heavy fragments are formed with Z = 52 − 55 protons, in excellent agreement with experimental observation [13] . Note that the fragments are slightly more neutron-rich (typically one additional neutron) than what would be expected if they had the neutron-to-proton ratio of the fissioning nucleus.
In order to understand the mechanisms responsible for the production of these fragments, we now investigate the preformation of the fission fragments. The latter can be identified from their shell structure using the Fermion localization function [42] which has been recently applied to nuclear systems [43] including in fission [36] and reac- tion studies [44] . The stability of the neutron localization function shown in Fig. 1 (see [41] for details) in the later stages of fission indicates that the shell structures signing the preformation of the fragments are present well before scission (at about 4 zs before scission in this example).
Interestingly, the isodensity and the localization function also indicate a quadrupole as well as a strong octupole deformation of the preformed fragments. The octupole deformation of the fragments, often neglected [45] , has been indeed recently shown to play an important role at scission [46] . It is well known that couplings between relative motion and low-lying collective octupole excitations play an important role in the capture process occurring in the early stage of heavy-ion fusion by lowering the so-called fusion barrier [47] [48] [49] [50] [51] . The capture mechanism can naively be seen as the "reverse" process to scission occurring at the late stage of nuclear fission. Therefore, it is not surprising that similar couplings to octupole shapes impact the fission dynamics, favouring the formation of fission fragments which exhibit an octupole softness. Of course, a similar role is played by the quadrupole couplings (see for instance the strong quadrupole deformation of the light fragment in Fig. 1) . However, as a majority of nuclei exhibit a quadrupole deformation in their ground nuclei, this cannot be the reason for the specific location of the St1 and St2 modes.
The situation is different for octupole correlations where only few regions of the nuclear chart have been identified as good candidates for exhibiting an octupole softness which is strong enough to induce octupole deformations in the ground-state itself [52] [53] [54] [55] . In particular, strong octupole correlations have been recently measured in 144 Ba (Z = 56) [54] , which is a possible heavy fragment in asymmetric fission of actinides. Nuclei close to 144 Ba in the nuclear chart could as well exhibit a particularly strong octupole softness thereby providing a possible explanation to the favoured production of these nuclei in fission. Microscopic approaches like the ones used here automatically incorporate the possibility for the nuclei to acquire octupole deformations induced by their underlying quantum shell structure. This is illustrated in Fig. 3 showing the potential energy surface of 142 Xe, another possible fission fragment, and predicting a quadrupole and octupole deformed mean-field ground-state for this nucleus. The octupole deformation energy has been calculated (without constraint on the quadrupole moment) and shown in Fig. 4 132 Sn spherical nucleus is interesting. On the one side, its production as a fission fragment is expected to be favoured because of its extra-binding energy originating from spherical shell effects. On the other side, it is very stiff to octupole deformations and its production as a fission fragment is hindered (by comparison with softer nuclei) as it does not benefit from strong couplings to octupole deformation.
The background color of Fig. 2 shows the curvature of the octupole deformation energy α = lim Q30→0 E Q 2
30
of the nuclei near their quadrupole deformed minimum energy at Q 30 = 0 (corresponding to the curvature at origin in Fig. 4 ). The formation of octupole soft (small or negative values of α) fission fragments like 140 Xe is clearly favoured. The fact that fragments with Z ≥ 56 are not produced in the calculations (except for 258 Fm) can be interpreted by the larger energy cost to form more asymmetric fragments.
The origin of the octupole softness can be understood from the deformed shell structure of the nuclei. CHF+BCS neutron and proton single-particle energies in 142 Xe are plotted in Fig. 5 , following the path of minimum energy for given quadrupole deformations (solid line in Fig. 3 ). We observe a closure of the Z = 50 (N = 82) spherical gap and the opening of Z = 52 and 56 (N = 84 and 88) deformed shell gaps which survive for a large range of octupole deformations. The matching between the positions of the proton deformed gaps and of the St1 and St2 fission modes is striking. Another surprising finding is that the St1 mode is not driven by the Z = 50 spherical gap, but rather by a deformed shell closure, surviving to large octupole deformations, and thus favouring the formation of fission fragments thanks to octupole couplings. In fact, amongst all actinides studied experimentally, only 258 Fm is clearly dominated by Z = 50 spherical shell effects, producing two symmetric tin fragments (although it also exhibits an asymmetric mode with a heavy fragment around Z ≈ 55). However, asymmetric fission dominates in 256 Fm and lighter fermium isotopes, confirming the weak influence of Z = 50 in the formation of fission fragments.
The total kinetic energy (TKE) of the final fragments is another important property of the fission modes, with St1 being associated with a larger TKE (typically ∼ 10 MeV) than St2 [18, 56] . The TKE have been computed (see supplemental material [41] ) from TDHF+BCS following the method introduced in Ref. [29] . As expected from the complexity of the many-body dynamics, the results exhibit strong fluctuations (typically a variation of 15 − 20 MeV between the lowest and highest TKE for each nucleus). However, the average TKE is in very good agreement with available experimental data [18, 57, 58] . In addition, a clear pattern is found, with 10 − 15 MeV less for heavy fragments with Z ≈ 54 − 56 than with Z ≈ 52, again in excellent agreement with experimental observation [18] . The lower TKE with Z ≈ 54 − 56 is interpreted as an effect of the larger deformation of the fragments at scission. The comparison between symmetric and asymmetric modes will be the subject of a future work. However, for consistency, we have calculated the TKE of a 234 U symmetric fission mode and obtained a value of ∼ 151 MeV. As expected from systematics [18] , this TKE is smaller than the asymmetric fission TKE (156 − 176 MeV) [41] .
It would be very useful to develop techniques to study the excitation energy and neutron evaporation of the fragments from TDHF+BCS, including well beyond scission, in order to investigate the well known "saw-tooth" characteristic of the evolution of the neutron multiplicity as a function of fragment mass number [59] . Another interesting extension of this work will be the study of fission in the neutron deficient mercury (Z = 80) region. The recent observation of asymmetric fission in 180,182 Hg [60, 61] , which came as a surprise, could indeed be influenced by the expected octupole softness in the Z ≈ 34 region [53] . 
